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Abstract 

Accumulated evidence from our laboratory indicates that conditioned or anergized NK cells 
have the ability to induce resistance of healthy stem cells and transformed cancer stem cells 
through both secreted factors and direct cell-cell contact by inducing differentiation. Cyto-
toxic function of NK cells is suppressed in the tumor microenvironment by a number of 
distinct effectors and their secreted factors. Furthermore, decreased peripheral blood NK 
cell function has been documented in many cancer patients. We have previously shown that 
NK cells mediate significant cytotoxicity against primary oral squamous carcinoma stem cells 
(OSCSCs) as compared to their more differentiated oral squamous carcinoma cells (OSCCs). 
In addition, human embryonic stem cells (hESCs), human mesenchymal stem cells (hMSCs), 
human dental pulp stem cells (hDPSCs) and induced human pluripotent stem cells (hiPSCs) 
were all significantly more susceptible to NK cell mediated cytotoxicity than their differen-
tiated counterparts or parental cells from which they were derived. We have also reported 
that inhibition of differentiation or reversion of cells to a less-differentiated phenotype by 
blocking NFκB or gene deletion of COX2 significantly augmented NK cell function. Fur-
thermore, the induction of resistance of the stem cells to NK cell mediated cytotoxicity and 
their subsequent differentiation is amplified when either the stem cells or the NK cells were 
cultured in the presence of monocytes. Therefore, we propose that the two stages of NK cell 
maturation namely CD16+CD56dimCD69- NK cells are important for the lysis of stem cells 
or poorly differentiated cells whereas the CD16dim/-CD56dim/+CD69+NK cells are im-
portant for differentiation and eventual regeneration of the tissues and the resolution of in-
flammation, thus functionally serving as regulatory NK cells (NKreg). CD16 receptor on the 
NK cells were found to be the receptor with significant potential to induce NK cell anergy, 
however, our recent data indicated that NKp46 but not NKp30 or NKp44 were also able to 
induce significant anergy in NK cells, although the levels were less when compared to CD16 
receptor triggering. The concept of split anergy in NK cells and generation of NKreg and its 
contribution to cell differentiation, tissue repair and regeneration and in tumor resistance will 
be discussed in this review. 
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Introduction 
NK cells are known to mediate direct cytotoxi-

city as well as antibody-dependent cellular cytotoxi-
city (ADCC) against a variety of tumor cells. By pro-

ducing key cytokines and chemokines, NK cells are 
also known to regulate the functions of other cells [1, 
2]. Human NK cells are identified by the cell surface 
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expression of CD16 and CD56. NK cells mediate their 
function through a number of important activating 
and inhibitory cell receptors listed in Table 1 [3]. It is 
thought that the balance between activating and in-
hibitory signals which NK cells receive from their 
surface receptors determines their functional fate. 
Many of the receptors listed in table 1 including CD16, 
killer immunoglobulin like receptors (KIR), NKG2 
family of receptors which form a heterodimer with 
CD94, NKG2D and natural cytotoxicity receptors 
(NCR) have all been the subject of many studies. 
Likewise, several key cytokines, chemokines and ad-
hesion molecules are found to have significant roles in 
maturation, differentiation, and effector function of 
NK cells. Much less is known about the function of 
Toll Like Receptors (TLRs), NOD-Like Receptors 
(NLRs) and RIG like Receptors (RLRs) in NK cell ef-
fector function. 

Recent advances in our understanding of an-
ti-tumor immune responses and cancer biology have 
revealed a complex dynamic interaction between the 
immune effectors and the tumor cells. Effectors of the 
immune system are known to shape the maturation of 
tumor cells, and to select for cancers with reduced 
immunogenicity. However, recent data from our la-
boratory indicated that the same effector mechanisms 
are likely responsible for shaping the maturation of 
healthy stem cells for the ultimate goal of the regen-
eration of damaged or disturbed tissues and the res-
olution of inflammation. Although, immunosuppres-
sion and tumor escape from immune recognition are 
thought to be major factors responsible for the estab-
lishment and progression of cancer, neither their un-
derlying physiological significance nor the exact 
mechanisms by which immunosuppression occurs are 
completely understood.  

Table 1. List of NK cell Activating and Inhibitory surface receptors and their ligands.  
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A number of factors responsible for the sup-
pression of NK cell cytotoxicity in humans have been 
identified previously [4-9, 10]. It is shown that freshly 
isolated tumor infiltrating NK cells are not cytotoxic 
to autologous tumors. Moreover, NK cells obtained 
from the peripheral blood of patients with cancer 
have significantly reduced cytotoxic activity [11-14]. 
In addition, NK cell cytotoxicity is suppressed after 
their interaction with stem cells [15-17]. In contrast, 
interaction of NK cells with the resistant tumors does 
not lead to a significant suppression of NK cell cyto-
toxicity when compared to those dissociated from the 
NK sensitive target cells [18, 19]. Traditionally, the 
suppression of NK cell cytotoxic function after their 
interaction with the sensitive cells was sometimes 
perceived to be due to the exhaustion of cytotoxic 
granules from the NK cells, however, our recent data 
indicates that such suppression is physiological and it 
is an important step in maturation of NK cells to 
support differentiation of other cells, and in the reso-
lution of inflammation.  

Many mechanisms have been proposed for the 
functional inactivation of tumor associated NK cells 
including the over-expression of Fas ligand, the loss of 
mRNA for granzyme B [5] and decreased CD16 and 
its associated zeta chain [20], some of which are also 
observed in NK cells which have been conditioned to 
support differentiation of healthy stem cells (data not 
shown).  

In this report we review the previous studies 
from our laboratory regarding the factors and mech-
anisms involved in NK cell immunosuppression ob-
served in cancer, and after interaction with healthy 
stem cells, and furthermore we discuss the emerging 
view from our laboratory which indicates that NK 
cells are the effectors of selection, differentiation and 
resistance of undifferentiated or stem like cells. In this 
regard we have reported previously that the stage of 
maturation and differentiation of healthy untrans-
formed stem cells such as hESCs and hiPSCs, hMSCs 
and hDPSCs as well as transformed tumorigenic 
cancer stem cells is predictive of their sensitivity to 
NK cell lysis [21]. Based on our results, we propose 
that NK cells play a significant role in differentiation 
of the cells by providing critical signals via secreted 
cytokines as well as direct cell-cell contact. To be con-
ditioned to drive differentiation, NK cells may have to 
first receive signals through their key surface recep-
tors either from healthy stem cells or those which 
have disturbed or defective capabilities to differenti-
ate. In addition, NK cells by targeting other immune 
inflammatory cells or fibroblasts in the tumor micro-
environment may become conditioned to lose cyto-
toxicity and gain cytokine producing phenotype be-

fore they can aid in differentiation of stem cells. These 
alterations in NK cell effector function will ultimately 
aid in driving differentiation of a population of sur-
viving healthy as well as transformed stem cells. In 
cancer patients since the majority of NK cells have lost 
cytotoxic activity, they may eventually contribute 
rather than halt the progression of cancer by allowing 
the growth and expansion of the pool of cancer stem 
cells. Below we will describe the evidence regarding 
the conditioning of the NK cells through key surface 
receptors and cytokines, differential targeting of stem 
cells and differentiated cells by the NK cells, and fi-
nally the role of conditioned NK cells in driving dif-
ferentiation and resistance of undifferentiated tumors 
and healthy stem cells. In this regard conditioned NK 
cells function similarly to T regulatory cells in 
providing anti-inflammatory signals resulting in the 
resolution of inflammation and regeneration of the 
tissues. 

Induction of split anergy in NK cells after 
their co-culture with sensitive but not re-
sistant tumors and after the triggering of 
CD16 and NKp46 but not NKp30 or NKp44 
receptors 

We have previously shown that K562, an NK 
sensitive tumor, causes loss of NK cell cytotoxicity 
and induces cell death in a small subset of NK cells 
[18, 19]. On the other hand, NK resistant tumors such 
as RAJI cells induce much less anergy or loss of NK 
cell cytotoxicity [18, 19]. Furthermore, following NK 
cell cultures with sensitive tumor-target cells but not 
resistant tumors, the target binding NK cells undergo 
phenotypic and functional changes. Target cell inac-
tivated NK cells express CD16-CD56dim/- CD69+ 
phenotype [18, 19]. This phenotype has also been ob-
served in several disease manifestations including 
HIV infection [22]. Significant down-modulation of 
CD16 receptor expression and decreased NK cell cy-
totoxic function were also seen in several cancer pa-
tients including those of the oral and ovarian cancer 
patients [23, 24]. In addition, down-regulation of 
CD16 surface receptors on NK cells was also observed 
when NK cells were treated with CA125 isolated from 
ovarian tumor cells [25]. The decrease in CD16 surface 
receptors was accompanied by a major decrease in 
NK cell killing activity against K562 tumor cells [25]. 
These observations suggested that CD16 receptors 
could likely play an important role in target cell in-
duced loss of NK cell cytotoxicity. Indeed, CD16:Ig 
fusion proteins were shown to bind to a variety of 
tumor-target cells indicating the existence of specific 
ligands for CD16 receptors on tumor cells [26]. Fur-
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thermore, we have previously shown that the trig-
gering of CD16 on untreated or IL-2 treated NK cells 
was found to result in down-modulation of CD16 
receptors and in a great loss of cytotoxicity in NK 
cells. In addition, a subset of NK cells was pro-
grammed to undergo apoptosis [18, 19, 27, 28]. Cell 
death of NK cells was shown to be regulated, in part, 
by endogenously secreted TNF-α from the NK cells 
[28]. Previous studies by other groups have also 
shown that IL-2 activated NK cells undergo cell death 
following cross-linking of the CD16 receptor [29, 30]. 
Thus, we have coined the term “split anergy” for the 
responses observed by NK cells after their interaction 
with sensitive target cells or after the triggering of 
CD16 receptors by the antibody in combination with 
IL-2 treatment [18, 19, 28, 31, 32]. Indeed, three sub-
populations of NK cells; namely Free, Binder and 
Killer NK cells with varying degrees of loss of cyto-
toxicity were identified after the formation of conju-
gates with K562 targets [27, 33-36]. Free cells which 
did not bind or form conjugates with target cells were 
inactivated less, or exhibited the most cytotoxicity, 
whereas both Binder and Killer subsets exhibited sig-
nificant loss of cytotoxicity. In contrast, Binder and 
Killer subsets but not Free NK subset secreted signif-
icant levels of cytokines and exhibited 
CD16-CD56dim/-CD69+ phenotype [27, 33-36]. 
Treatment of NK cells with IL-2 and anti-CD16mAb 
also induced split anergy by significantly decreasing 
the NK cell cytotoxicity while increasing the cytokine 
secretion capabilities of NK cells. Furthermore, NK 
cells exhibited CD16-CD56dim/-CD69+ phenotype 
after treatment with the combination of IL-2 and an-
ti-CD16mAb [28, 31, 32, 37]. Loss of cytotoxicity in NK 
cells was significantly exacerbated when NK cells 
were either treated with F(ab)’2 fragment of anti-CD16 
mAb or treated with a combination of MHC-Class I 
and anti-CD16 mAbs while the same treatments re-
sulted in an increased secretion of cytokines [32, 37]. 
Based on our recent results NKp46 mAb but not those 
of NKp30 or NKp44 were also able to induce signifi-
cant NK cell anergy in the presence and absence of 
IL-2 correlating with their increased expression on 
untreated and IL-2 treated NK cells when compared 
to NKp30 and NKp44 expression (manuscript sub-
mitted). Moreover, addition of bacteria or their ex-
tracts conditioned NK cells to support differentiation 
of OSCSCs (unpublished results). These results sug-
gested that receptor signaling in NK cells in the 
presence of IL-2 is likely to result in a decrease in NK 
cell cytotoxicity while increasing secretion of cyto-
kines by the NK cells. Therefore, three distinct func-
tional outcomes could be observed in NK cells which 
have either interacted with sensitive tumor-target 

cells or were treated with anti-CD16 or anti-NKp46 
mAbs in the presence of IL-2 treatment to induce split 
anergy, namely; 1-loss of cytotoxicity, 2-gain in the 
ability to secrete cytokines and 3- death in a small 
subset of NK cells.  

Split anergy in NK cells is induced by total 
populations of monocytes and those de-
pleted of CD16+ subset  

When hMSCs or hDPSCs were cultured with 
either viable or irradiated monocytes before they were 
exposed to IL2-treated NK cells a significant decrease 
in NK cell mediated cytotoxicity could be observed 
against hMSCs or hDPSCs. Interestingly, lysis of 
hMSCs and hDPSCs by untreated NK cells was also 
reproducibly blocked by the addition of monocytes 
[38]. To determine whether depletion of CD16+ subset 
of Monocytes from the total population of Monocytes 
change the cytotoxic function of NK cells in a 3 way 
interaction with the stem cells we used both the un-
sorted, and those sorted to remove CD16+ subsets in a 
3 way killing assay with the NK cells. Both the total 
populations of monocytes and CD16- subsets were 
capable of inducing inhibition of NK cell cytotoxicity 
against stem cells [38]. We then determined whether 
decreased lysis of stem cells by NK cells was due to a 
competitive lysis of monocytes by the NK cells. We 
confirmed that monocytes were also lysed by the NK 
cells significantly. Furthermore, when we co-cultured 
stem cells with monocytes and sorted to remove the 
monocytes from the stem cells before assessing the 
killing function of NK cells, we could still observe 
significant inhibition of NK cell mediated lysis, argu-
ing against the protection of stem cell lysis by NK cells 
being solely on the bases of competitive lysis of 
monocytes [38]. Therefore, even though lysis of 
monocytes by the NK cells may in part contribute to 
the prevention of NK cell lysis of stem cells, interac-
tion of monocytes with stem cells can also provide 
resistance of stem cells against NK cell cytotoxicity. 
Decrease in NK cell lysis of hMSCs and hDPSCs was 
paralleled with a significant induction of IFN-γ. In-
deed, when hMSCs or hDPSCs were cultured with 
IL-2 treated NK cells alone we could observe signifi-
cant induction of IFN-γ secretion. However, the high-
est increase was seen when IL2-treated NK cells were 
cultured with hMSCs or hDPSCs in the presence of 
monocytes. Therefore, although decreased killing of 
stem cells by the NK cells could be observed in the 
presence of monocytes, synergistic secretion of IFN-γ 
by the NK cells in the presence of monocytes and stem 
cells could be observed, indicating an inverse rela-
tionship between cytotoxicity and IFN-γ secretion 
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(split anergy). This was similar to the profiles which 
we had seen when NK cells were treated with IL-2 
and anti-CD16 mAb in which significant decrease in 
cytotoxicity of NK cells could be observed in parallel 
with increased secretion of IFN-γ [28]. 

Immunosuppressive effectors in tumor and 
non-transformed inflammatory microenvi-
ronments  

Both the tumor microenvironment as well as 
non-transformed inflammatory microenvironment 
consists of a number of heterogeneous cell popula-
tions with ability to suppress and limit the function of 
cytotoxic immune effectors. Patients with cancer often 
have higher numbers of immature monocytes serving 
as Myeloid Derived Suppressor Cells (MDSCs) ex-
pressing CD14+HLADR- phenotype [39, 40]. Tumor 
associated Macrophages (TAMs) were previously 
shown to significantly influence and limit immune 
activation in the tumor microenvironment [41, 42]. In 
addition, MDSCs which are comprised of a number of 
distinct cell populations of myeloid origin and whose 
roles in immunosuppression have received significant 
attention in recent years are major cells capable of 
suppressing the cytotoxic function of T and NK cells 
[40]. T cell dysfunction is shown to be induced by 
MDSCs by the increased secretion of IL-10, TGF-β, 
induction of reactive oxygen species (ROS), and in-
creased expression of arginase-1 and inducible nitric 
oxide synthase (iNOS). T regulatory (Treg) and DC 
regulatory (DCreg) cells were also recently shown to 
have significant immunosuppressive roles in the tu-
mor microenvironment [40]. Perhaps one of the most 
intriguing observations regarding the immunosup-
pressive effectors is the identification of Cancer Asso-
ciated Fibroblasts (CAFs) and Mesenchymal Stem 
Cells (MSCs) as two potential tumor promoters. Fi-
broblasts from tumor tissues demonstrate an activat-
ed phenotype and have the ability to secrete many 
immunosuppressive factors such as TGF-β and VEGF 
[43]. We have also found that undifferentiated fibro-
blasts, as well as MSCs and CD14+HLA-DR- mono-
cytes are significantly more susceptible to NK cell 
mediated cytotoxicity [38], therefore, these cells may 
condition NK cells to undergo split anergy (please see 
below). Indeed, in oral epithelial tumors the majority 
of recruited immune effectors are usually found in the 
connective tissue area where through cell-cell interac-
tion with the immunosuppressive cells such as fibro-
blasts, monocytes-macrophages and to a lesser extent 
T and B cells [38] can condition NK cells to lose cyto-
toxicity and gain in cytokine secretion capabilities, 
resulting in differentiation and resistance of oral epi-
thelial tumors (please see below).  

Differentiated cells are lysed significantly 
less by the NK cells and do not trigger se-
cretion of cytokines by the NK cells when 
compared to their undifferentiated coun-
terparts 

 Increased NK cell cytotoxicity and augmented 
secretion of IFN-γ were observed when NK cells were 
co-incubated with OSCSCs which released signifi-
cantly lower levels of GM-CSF, IL-6 and IL-8 and 
demonstrated decreased expression of phospho-Stat3, 
B7H1 and EGFR, and much lower constitutive NFκB 
activity when compared to differentiated OSCCs [21]. 
More importantly, OSCSCs expressed CD133 and 
CD44bright oral tumor stem cell markers [21]. Increase 
in IFN-γ secretion was correlated with a decrease in 
secretion of IL-6 in co-cultures of NK cells with 
OSCSCs as compared to those co-cultured with OS-
CCs. Therefore, from these results a specific profile for 
differentiated NK resistant oral tumors emerged 
which demonstrated increased GM-CSF, IL-6 and IL-8 
secretion in the context of decreased IFN-γ secretion 
during their interaction with the NK cells. In contrast, 
co-cultures of cancer stem cells with NK cells demon-
strated increased IFN-γ in the context of lower 
GM-CSF, IL-6 and IL-8 secretion [21, 38]. In addition, 
three brain tumor stem cells which were previously 
characterized [44-46] were found to be significantly 
more susceptible to NK cell mediated cytotoxicity 
when compared to their differentiated counterparts 
which were significantly more resistant (manuscript 
submitted). Since OSCSCs and brain cancer stem cells 
were significantly more susceptible to NK cell medi-
ated cytotoxicity we reasoned that healthy, 
non-transformed primary stem cells may also be sus-
ceptible to NK cell mediated cytotoxicity. We demon-
strated previously that NK cells lysed hMSCs, hDP-
SCs and hESCs significantly. All different types of 
stem cells became resistant to NK cell mediated cyto-
toxicity once they were differentiated [21]. In addi-
tion, higher sensitivity of hiPSCs to NK cell mediated 
lysis was also observed when compared to parental 
line from which they were derived. Increased lysis of 
cancer stem cells or non-transformed healthy stem 
cells may be attributed to the use of allogeneic NK 
cells, however, our previous work using autologous 
NK cells exhibited similar levels of cytotoxicity 
against hDPSCs when compared to lysis by allogeneic 
NK cells [38]. Taken together these results indicated 
that undifferentiated cells were targets of both al-
logeneic and autologous NK cells. Thus, the stage of 
differentiation of the cells is predictive of their sus-
ceptibility to NK cell mediated cytotoxicity.  
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Blocking NFκB reverts the oral tumors to 
more of an undifferentiated phenotype re-
sulting in an increase in NK cell mediated 
cytotoxicity.  

Since the degree of differentiation in the cells 
was predictive of their sensitivity to NK cell mediated 
cytotoxicity, we reasoned that blocking NFκB in the 
cells may de-differentiate and subsequently revert the 
cells to more of undifferentiated phenotype, resulting 
in their increased susceptibility to NK cell mediated 
cytotoxicity. Indeed, blocking NFκB in oral tumors 
was found to increase CD44 surface receptor expres-
sion, which is one of the hallmarks of stem cells (un-
published results). In addition, we have shown pre-
viously that NFκB nuclear function in a primary Oral 
tumor OSCCs and in a non-tumorigenic oral cells 
(HOK-16B) as well as in an established tumor line, 
HEp-2 cells known to be Hela contaminant [47-50], 
modulates and shapes the function of interacting NK 
cells [47, 51]. Since knock down of NFκB was shown 
to increase the function of immune inflammatory cells 
in diverse cell types (please see below) it is not sur-
prising to find similar patterns of immune activation 
in both oral and non-oral derived tumor cells. In ad-
dition, since the majority, if not all cells, increase 
NFκB during their activation and differentiation, a 
knock down of NFκB is likely to revert the cells, irre-
spective of their cellular origin, to a less differentiated 
phenotype resulting in the potential activation of the 
immune effectors in order to aid in their differentia-
tion [21]. Similarly, inhibition of NFκB by Sulindac 
increased the functional activation of NK and en-
hanced anti-tumor cytotoxic activity [47, 51]. Inverse 
modulation of IFN-γ and IL-6 cytokine secretion was 
seen in co-cultures of NK cells with NFκB knock 
down OSCCs, HOK-16B and HEp2 cells indicating 
that blocking NFκB in these cells serves to switch the 
balance from Th2 type responses to more of a Th1 
type response [21, 51].  

In agreement with our studies, targeted deletion 
of IKK-β in epidermis of mice has previously been 
shown in one study to lead to inflammatory skin 
manifestations [52]. Elevated levels of cytokines and 
chemokines have also been demonstrated in the epi-
dermis of patients and animals with Iκκγ and Iκκβ 
deletions [52, 53]. Mice with a keratinocyte-specific 
deletion of Iκκ−β demonstrated decreased prolifera-
tion of epidermal cells and developed TNF-α de-
pendent inflammatory skin disease [52]. In contrast, in 
other studies in which NFκB function was blocked in 
dermal keratinocytes by a mutant IκB-α an increased 
proliferation and hyperplasia [54] and eventual de-

velopment of cutaneous squamous cell carcinomas of 
skin were seen if mice were allowed to survive and 
reach adulthood [55, 56]. It is of interest to note that in 
these studies with diverse functional outcomes in 
keratinocytes, blocking TNF-α function resulted in the 
prevention of both the neoplastic transformation and 
the inflammatory skin disease [52, 56]. Elevated 
numbers of immune inflammatory cells recruited to 
the site of epidermis are likely responsible for the in-
creased secretion of TNF-α. Indeed, we have demon-
strated that synergistic induction of TNF-α could be 
observed when NFκB knock down oral tumors were 
cultured with either PBMCs or NK cells [51].  
 Since tumorigenic and non-tumorigenic human 
oral keratinocytes acquire sensitivity to NK cell me-
diated lysis when NFκB is inhibited, it is likely that 
this phenomenon is not specific to cancer or oral 
keratinocytes, and it may occur in other healthy 
non-transformed cell types. Indeed, when human 
primary monocytes were differentiated to dendritic 
cells they too became more resistant to NK cell medi-
ated cytotoxicity [21]. Moreover, knock down of 
COX2 in primary mouse monocytes [21], or in mouse 
embryonic fibroblasts (unpublished observations), 
resulted in the reversion or de-differentiation of the 
monocytes and fibroblasts respectively, and the acti-
vation of NK cell cytotoxicity. Indeed, it is likely that 
any disturbance in cellular differentiation may pre-
dispose the cells to NK cell mediated cytotoxicity. 
Since STAT3 is an important factor increased during 
differentiation, blocking STAT3 is also critical in the 
activation of immune effectors [57]. In support of a 
critical role of STAT3 in immune evasion of tumor 
cells in humans, we and others have recently shown 
that glioblastoma multiforme (GBM) tumors display 
constitutive activation of STAT3 (Cacalano and 
Jewett, unpublished observation) [58], and poorly 
induce activating cytokines and tumor-specific cyto-
toxicity in human peripheral blood mononuclear cells 
(PBMCs) and NK cells. Ectopic expression of domi-
nant-negative STAT3 in the GBM cells increased lysis 
of the tumor cells by the immune effectors and in-
duced production of IFN-γ by the interacting immune 
effectors (unpublished publications).  

Since NFκB is shown to regulate IL-6 secretion in 
OSCCs, HOK-16B and HEp2 cells and secreted IL-6 in 
tumors is known to activate STAT3 expression and 
function, increase in NFκB nuclear function could in 
turn induce STAT3 activation and result in a signifi-
cant resistance of tumors to NK cell mediated cyto-
toxicity. Therefore, targeted knock down of STAT3 or 
signaling pathways upstream of STAT3, such as 
NFκB, should de-differentiate the cells and predis-
pose the cells to NK cell mediated cytotoxicity.  
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NK cells are conditioned in the tumor or in 
non-transformed inflammatory microenvi-
ronment to drive differentiation  

The theory of immunosurveillance was postu-
lated by Burnet [59] to indicate that the key thymus 
dependent effectors were responsible for clearance of 
tumors [60, 61]. However, since then the concept of 
immunosurveillance has been expanded to include 
immunoediting as an important mechanism for the 
development of cancer [62, 63]. It was suggested that 
cancer immunoediting comprises of three phases: 
elimination, equilibrium and escape [63]. Elimination 
represents the classical concept of immunosurveil-
lance. However, during equilibrium and escape the 
interaction and cross signaling between the immune 
effectors, the tumor cells, and the effectors of the 
connective tissue in the tumor microenvironment is 
likely to result in the generation of differentiated tu-
mors which are resistant to cytotoxic function of NK 
and CTLs and thus are capable of ceasing or lowering 
the inflammatory responses. Therefore, the final 
stages of cancer progression may result in the induc-
tion of less immunogenic tumors in the presence of 
fewer immune effectors capable of lysing them. Thus, 
pressures exerted by the tumor cells and immune 
effectors may eventually shape the microenvironment 
for the growth, expansion and invasion of tumors. 
Similarly, a variation of such interactions may also be 
observed during the interaction of NK cells with 
healthy non-transformed human stem cells in which 
case the three phases of interaction may include 
elimination which marks the decrease in the numbers 
of stem cells or other immune effectors in the in-
flammatory microenvironment, potentially resulting 
in the selection of stem cells by the NK cells, induction 
of tolerance or anergy which denotes the conditioning 
of NK cells by the stem cells and/or by the other ef-
fectors of microenvironment to lose cytotoxicity and 
support maturation and differentiation of remaining 
stem cells, and finally the resolution phase which 
denotes the elimination of anergized NK cells and 
generation of less immunogenic differentiated cells. 
Similarities and differences between these phases in 
cancer and during stem cell maturation will be dis-
cussed below. 

Potential role of anergized NK cells in dif-
ferentiation and regeneration of tissues 

 Induction of split anergy in NK cells could be an 
important conditioning step responsible for the repair 
of tissues during pathological processes irrespective 
of the type of pathology. In tumors since the genera-
tion and maintenance of cancer stem cells is higher, 

the majority, if not all of the NK cells, may be condi-
tioned to support differentiation and repair of the 
tissues and as such the phenotype of NK cells in tu-
mor microenvironment as well as in the peripheral 
blood may resemble that of the anergic NK cells, i.e., 
decreased NK cell cytotoxicity, acquisition of 
CD16-/dimCD56dim/+CD69+ phenotype and aug-
mented ability to secrete inflammatory cytokines (Fig. 
1). Of course, the degree of the loss of NK cell cyto-
toxicity may be directly proportional to the load of 
cancer stem cells. Therefore, our results suggest two 
very important functions for the NK cells. One func-
tion is to limit the number of stem cells and immune 
inflammatory cells by selecting those with a greater 
potential for differentiation for the repair of the tis-
sues and second to support differentiation of the stem 
cells and subsequent regeneration of the tissues. To 
achieve these tasks NK cells have to acquire two dif-
ferent phenotypes and be conditioned to carry out 
both functions successfully. CD16+CD56dimCD69- 
subsets of NK cells are cytotoxic and will mediate 
cytotoxicity depending on which cells they encounter 
first. In respect to the oral squamous cell carcinomas 
since the majority of immune effectors can be found at 
the connective tissue area the chances are that they 
may first encounter and interact with either the other 
immune inflammatory cells or the effectors of con-
nective tissue such as fibroblasts. However, there is 
also the possibility that NK cells may first encounter 
the stem cells at the base of the epithelial layer, in 
which case by eliminating their bound stem cells, they 
too can become anergized (Fig. 1). Surprisingly, al-
logeneic CTLs were also found to target Glioblastoma 
stem-like cells and not their differentiated counter-
parts (unpublished observation). By eliminating a 
subset of stem cells or after their interaction with 
other immune inflammatory cells or effectors of con-
nective tissue NK cells could then be in a position to 
support differentiation of selected population of stem 
cells since they will be conditioned to lose cytotoxici-
ty, induce cytokine and growth factor secretion and 
gain the CD16-/dimCD56dim/+CD69+ phenotype 
(Fig. 1). It is interesting to note that all of the immune 
effectors isolated from the oral gingival tissues of 
healthy as well as diseased gingiva have CD69+ 
phenotype, with the exception that the numbers of 
immune effectors are much less in the healthy oral 
gingival tissues when compared to diseased tissues 
(Fig. 2). Therefore, our results suggest two very im-
portant functions for the NK cells. One function is to 
kill and the other function is to be conditioned to 
support differentiation for the repair and regeneration 
of the tissues. 
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Fig. 1. Hypothetical model of conditioning of NK cells by immune inflammatory cells and the effectors of connective 
tissue to modify NK cell phenotypic and functional properties in order to support differentiation of the cells and the 
resolution of inflammation. Hypothetical model of NK cell conditioning in the tumor microenvironment as well as in non-transformed 
immune inflammatory microenvironment is shown in this figure. Significant infiltration of immune effectors right beneath the epithelial 
layer can be seen in the connective tissue area where the immune inflammatory cells are likely to condition NK cells to lose cytotoxicity 
and gain the ability to secrete cytokines, a term which we have previously coined as split anergy in NK cells, and to support differentiation 
of the basal epithelial layer containing stem cells. NK cells are likely to encounter and interact with the other immune effectors such as 
monocytes or other myeloid-derived suppressor cells (MDSCs), and in tumor microenvironment with the tumor-associated macrophages 

(TAMs), or with connective tissue-associated fibroblasts (CAF) in order to be conditioned to form regulatory NK cells (NKreg). NK cells 
may also directly interact with the stem cells at the base of the epithelial layer, in which case by eliminating their bound stem cells, they can 
become conditioned to support differentiation of other stem cells. In addition, bacteria through the binding to Toll like receptors can 

further aid in the generation of NKreg. cells. All the above mentioned mechanisms may be operational during inflammatory processes in 
the tumor microenvironment or in healthy non-transformed inflammatory microenvironment. NK cell-differentiated epithelial cells will 
no longer be killed or induce cytokine secretion by the NK cells, therefore, resulting in the resolution of inflammation. 

 
 
 
In vivo physiological relevance of 

above-mentioned observations could be seen in a 
subpopulation of NK cells in peripheral blood, uterine 
and liver NK cells which express low or no CD16 re-
ceptors, have decreased capacity to mediate cytotoxi-
city and is capable of secreting significant amounts of 
cytokines [64, 65]. In addition, 70% of NK cells be-

come CD16 dim or negative immediately after al-
logeneic or autologous bone marrow transplantation 
[64]. Since NK cells lose their cytotoxic function and 
gain in cytokine secretion phenotype and down 
modulate CD16 receptors after their interaction with 
tumor cells or the stem cells [18, 28], it is tempting to 
speculate that in vivo identified CD16- NK cells and 
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in vitro tumor induced CD16- NK cells have similar 
maturational pathways since they have similar if not 
identical functional properties. 

The proof of concept in support of this model 
was recently obtained in our laboratory. We observed 
that anergized NK cells were directly responsible for 
the increased differentiation and resistance of a 
number of different stem cells including cancer stem 
cells and dental pulp stem cells against cytotoxic ef-
fectors (manuscript submitted). In addition, we now 
have evidence which supports the notion that the in-
duction of anergy in NK cells is an active process 
which is induced by the triggering of CD16 receptor 
on the NK cells and is not due to degranulation and 
exhaustion of cytotoxic granules (manuscript in prep).  

Our work collectively suggests that anergized 
NK cells are as important as the non-anergized NK 
cells in their effector functions. NK cells are not only 
important for the removal and shaping of the size of 
the stem cells but also their differentiation, and the 
eventual regeneration of the new tissues. The task of 
NK cells in this regard goes above and beyond their 
most appreciated function of being the effectors of 
first line defense against viral infection and malig-
nancies. They too are the effectors of differentiation 
and tissue regeneration.  

Tumor microenvironment may shape the 
function and phenotype of the NK cells 

The above observations prompted us to specu-
late regarding the significance of interaction of mon-
ocytes with NK cells and stem cells. It is plausible that 
monocytes may serve as shields against NK cell lysis 
of stem cells. Similar to anti-CD16 mAb mediated 
effect on IL2-treated NK cells, monocytes too can 
shield stem cells from killing by the NK cells by in-
creasing the total IFN-γ release by the NK cells while 
decreasing the cytotoxic function of NK cells (split 
anergy), resulting in an increased protection and dif-
ferentiation of stem cells. Indeed, monocytes also in-
creased TNF-α, IL-6 and VEGF secretion in the 
co-cultures of stem cells with NK cells which could 
augment NFκB and increase differentiation of stem 
cells. The shielding effect of monocytes could be a 
more generalized function of other effectors since NK 
cells can also target fibroblasts and to a much lesser 
extent the T and B cells [38]. Whether other MDSCs 
such as PMNs, mast cells, etc could also be targeted 
by the NK cells awaits future investigation. This may 
have significant implications for the role of NK cells in 
not only limiting inflammation, but also the signifi-
cance of other immune effectors in shielding and lim-
iting the cytotoxic function of NK cells against cancer 
or healthy stem cells in order to raise maximally the 

secretion of key cytokines for speedy and optimal 
differentiation of stem cells during inflammation. This 
is precisely what is observed in cancer patients in 
whom global decrease in NK, cytotoxic T cells and 
monocytes have all been reported [9].  

Potential homeostatic regulation of differ-
entiation of stem cells in the tissue micro-
environment by conditioned NK cells 

 Recent data from our laboratory indicates that 
NK cells may be capable of regulating homeostatic 
differentiation of the stem cells. In this regard, the two 
stages of NK cells to mediate cytotoxicity and secre-
tion of cytokines may be important for homeostatic 
regulation of cell differentiation since cytotoxic NK 
cells if they first encounter cancer stem cells or healthy 
stem cells they will likely eliminate them, however, if 
they encounter them after they are conditioned by the 
effectors of stroma, they may drive stem cell differen-
tiation. Some of the terminally differentiated tumor 
cells or healthy cells may also be eliminated by cyto-
kines secreted from the conditioned NK cells. There-
fore, the potential outcome of such regulation by the 
NK cells may be the generation and maintenance of 
moderately to highly differentiated cells. These two 
stages of NK cell development may ensure that the 
number of stem cells as well as terminally differenti-
ated cells remain very low in the stroma favoring the 
generation of moderately to highly differentiated 
cells. These hypotheses are currently under investiga-
tion in our laboratory. Indeed, as indicated above, all 
of the immune effectors dissociated from either 
healthy gingival tissues or periodontal gingiva are 
found to have an activated phenotype when com-
pared to peripheral blood since they have elevated 
CD69 expression, and the magnitude of CD69 ex-
pression is similar between those recovered from 
healthy and periodontal gingivae, with the periodon-
tal gingiva having higher numbers of immune effec-
tors when compared to healthy gingiva (Fig. 2). Simi-
larly, all T cells in normal breast tissue as well as 
breast tumor microenvironment were found to have 
high CD69 expression, with the breast tumor tissue 
having higher numbers of immune effectors when 
compared to normal breast tissue when compared to 
the peripheral blood [66]. The finding of CD69+ im-
mune cells in healthy as well as tumor microenvi-
ronments suggest the general role of the activated 
immune effectors in repair and maintenance of tissue 
homeostasis, however, since potentially more cancer 
stem cell is generated by the tumor cells, immune cells 
may become overwhelmed and are unable to cope 
with the proliferating tumor cells.  
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Fig. 2. The majority of the immune effectors in healthy 
and periodontal gingiva are of activated phenotype. Im-
mune infiltrates from healthy and periodontal patient gingiva were 
dissociated, and the levels of CD69 expression on CD45+ immune 
effectors were determined using flow cytometry. 

 

Common functional outcomes between 
conditioned/anergized NK cells and T reg-
ulatory cells 

Because of the ability to drive differentiation, 
conditioned NK cells may have the ability to halt in-
flammation since differentiated cells are no longer 
targeted by the NK cells and they do not induce cyto-
kine secretion by the NK cells [67, 68]. This function of 
NK cells may be similar to T regulatory cells since 
they are inhibitory and are capable of decreasing the 
magnitude of inflammation in a number of previous 
studies. Thus in this respect anergized or conditioned 
NK cells may have regulatory or tolerizing function 
(NKreg). Therefore, although immunosuppression in 
the tumor microenvironment is not advantageous for 
the cancer patients, it is indeed, an important function 

which may not only stimulate differentiation, but it 
may also halt inflammation.  

Since all of the immune effectors in the mucosal 
immune system including in the oral cavity are of 
activated phenotype, these cells, particularly NK cells 
are likely conditioned in the mucosa to support dif-
ferentiation and resistance of the epithelial cells. Such 
environment is anti-inflammatory since the majority 
of immune cells is tolerant of ingested food particles 
since it contains many regulatory cells including T 
cells, Dendritic cells and conditioned NK cells. How-
ever, once the threshold which keeps the inflamma-
tion at bay is decreased in the mucosa due likely to 
disturbance in homeostatic differentiation of the cells, 
immune inflammatory effectors are recruited and 
activated which may result in tissue damage and es-
tablishment of chronic inflammation. Indeed, our 
preliminary in vitro and in vivo observations in hu-
mans indicated that the consumption of a newly de-
veloped food supplement with potent ability to con-
dition NK cells to support differentiation of OSCSCs 
and hDPSCs (manuscript in prep.) was able to relieve 
chronic inflammation and pain, and resulted in the 
resolution of inflammatory mouth ulcers, decrease in 
the periodontal pocket depth and decrease swelling 
and edema in the oral mucosa. Furthermore, the 
number of neutrophils in the blood of a donor who 
had chronically decreased levels of neutrophils for 
over ten years rose to the normal levels after the con-
sumption of the food supplement. Both the number 
and function of NK cells in the blood was substan-
tially higher after the consumption of supplement 
(manuscript in prep). 

Autologoues and allogeneic NK cells drive 
differentiation of stem cells to a similar 
extent and result in the resistance of dif-
ferentiated cells to NK cell mediated cyto-
toxicity 

To determine whether there are differences be-
tween conditioned/anergized autologoues and al-
logeneic NK cells in driving differentiation of dental 
pulp stem cells we obtained dental pulp stem cells 
after extraction of molars and highly purified NK cells 
from the same individuals and compared their ability 
to differentiate hDPSCs to conditioned/anergized NK 
cells obtained from different donors. Both formalde-
hyde fixed conditioned NK cells and soluble factors 
secreted from conditioned autologous and allogeneic 
NK cells were able to drive differentiation of hDPSCs 
as determined by the surface expression of CD44, and 
resulted in the resistance of differentiated hDPSCs 
against cytotoxicity mediated by freshly isolated un-
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treated and IL-2 treated NK cells. Moreover, autolo-
gous and allogeneic NK cells did not secrete cytokines 
when cultured with differentiated hDPSCs (manu-
script submitted). The ability of NK cells to differen-
tiate hDPSCs and cause resistance of the differentiat-
ed hDPSCs to NK cell-mediated cytotoxicity was 
blocked when the combination of antibodies and not a 
single antibody to the key cytokines secreted by the 
NK cells was added, indicating the significance of 
synergistic interaction of the cytokines in driving stem 
cell differentiation (manuscript submitted). Several 
targets of synergistic modulation of stem cell differ-
entiation by the NK cells are identified and their role 
in driving differentiation of the stem cells is currently 
under investigation in our laboratory.  

Conclusion 
Recent advances in our understanding of an-

ti-tumor immune responses and cancer biology have 
revealed a complex dynamic interaction between the 
immune effectors and the tumor cells in the tumor 
microenvironment. Effectors of the immune system 
are known to shape the tumor cells and to select for 
cancers with reduced immunogenicity. However, the 
same effector mechanisms are likely responsible for 
shaping the maturation of healthy stem cells for the 
ultimate goal of the repair and the regeneration of 
damaged or disturbed tissues and the resolution of 
inflammation. Much work has been done to identify 
strategies by which tumor cells evade the function of 
immune system. Altered expression of MHC mole-
cules which block recognition and activation of T and 
NK cells are examples of mechanisms by which tumor 
cells evade the function of immune system. In addi-
tion, tumor cells by releasing immunosuppressive 
factors such as Fas, VEGF, IL-6, IL-10, TNF-α, 
GM-CSF and IL-1β, induce T and NK cell apoptosis, 
block lymphocyte homing and activation, and 
dampen macrophage and dendritic cell function. 
However, the same effector functions are also im-
portant in tissue repair. Furthermore, progress has 
been made in identification of the upstream mecha-
nisms which control the expression of immunosup-
pressive factors in tumor cells. Two key control ele-
ments, NFκB and STAT3 were identified and shown 
to coordinately regulate the production of multiple 
tumor-derived immunosuppressive molecules and 
play a pivotal role in tumor cell immune suppression. 
The potential for these two signaling modules to re-
press immune responses is underscored by the find-
ing that the pathways interact and may even amplify 
each other.  

Based on the accumulated work presented in this 
review, we suggest that NK cells may have two sig-

nificant functions; one that relates to the removal 
and/or selection of stem cells or undifferentiated 
cells. Additionally, NK cells may lyse other effectors 
in the connective tissue area including immune ef-
fectors such as monocytes or other MDSCs as well as 
fibroblasts in order to not only decrease inflammation 
but also become conditioned to promote differentia-
tion of stem cells and eventual regeneration of the 
tissues. The second important task for NK cells is to 
support differentiation and promote tissue regenera-
tion after altering their phenotype to cytokine secret-
ing cells (Fig. 1). This process will not only remove 
cells that are damaged and have flaws in the differen-
tiation process, but also it will ensure the regeneration 
of tissues and the resolution of inflammation. Thus, 
any disturbance in the NK cell function or in the pro-
cess of differentiation of stem cells may result in 
chronic inflammation, causing continual tissue dam-
age and recruitment of immune effectors to aid in 
tissue regeneration.  

The inability of patient NK cells to contain cancer 
stem cells potentially due to the flooding of NK cells 
by proliferating cancer stem cells and conversion of 
NK cells to cytokine secreting cells may likely be one 
mechanism by which cancer may progress and me-
tastasize. Therefore, there should be two distinct 
strategies by the NK cells to eliminate tumors, one 
which targets stem cells and the other which targets 
differentiated cells. Since cancer stem cells were found 
to be more resistant to certain chemotherapeutic 
drugs but sensitive to NK cell mediated killing while 
differentiated oral tumors were more resistant to NK 
cell mediated killing but relatively more sensitive to 
chemotherapeutic drugs, combination therapy should 
in theory be effective in the elimination of both un-
differentiated and differentiated tumors. In addition, 
since a great majority of patient NK cells have modi-
fied their phenotype to support differentiation of the 
cells, they may not be effective in eliminating the 
cancer stem cells. Therefore, these patients may bene-
fit from repeated allogeneic NK cell transplantation 
for elimination of cancer stem cells. In this regard, 
depletion of immunosuppressive effectors in the tu-
mor microenvironment, which condition NK cells to 
lose cytotoxicity, via radiation or chemotherapeutic 
drugs should in theory provide a better strategy for 
successful targeting of tumors by the NK cells.  
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